In a spray pyrolysis deposition (SPD) technique, deposition of film material and formation of surface structure are simultaneously occur, therefore, it is suitable for the preparation of microstructure-controlled thin films. We have modified the SPD technique to obtain a TiO2 porous film and the films obtained were evaluated as a photocatalyst. The modified SPD technique consists of consecutive three steps to form nano-porous film. Initially, a mixture of colloidal TiO2 of 40 nm in particle size and Ti-alkoxide dispersed and dissolved, respectively, in propanol was sprayed intermittently onto the heated glass substrate over 70°C, 10 times. Secondly, the same colloidal TiO2 dispersed into water was sprayed similarly onto the above film over 150°C. Finally, this two-times coated TiO2 film was annealed at 500°C for 1 h. Five repetitions of this process gave the porous film with a thickness of 2.5 μ m, led to the formation of neck at every contact-point between TiO2 particles. The effective surface area of the film as a catalyst was 8 times larger than that of the non-porous TiO2 film. Photocatalytic property of the film was evaluated by the decomposition of both aqueous coloring matter and gaseous odorant components under UV irradiation. For example, the reaction coefficients were enhanced from 0.02 min -1 of the non-porous film up to 0.05 min -1 for methylene blue and from 0.05 min -1 up to 0.14 min -1 for dimethyl sulfide. Consequently, the TiO2 porous films prepared by the modified SPD technique have great potential as a useful photocatalyst.
Introduction
It is well known that titanium oxide (TiO2) is one of the most attractive photocatalytic materials which can be utilized for many applications such as hydrogen production from water, selfcleaning, pollutant removal, photovoltaic conversion and so on. 1),2) A pair of an electron and a positive hole is generated on TiO2 surface through the irradiation of ultraviolet (UV) ray with the photon energy higher than 3.2 eV (λ ≤ 380 nm), where the electron reduces an oxygen molecule to be a super oxide anion (O2¯), while the positive hole oxidizes a hydroxyl ion to be a hydroxy radical (OH⋅). Both of them possess relatively strong oxidization power, which may decompose organic compounds in water or air. Recent studies have revealed this hole plays an important role in the super-hydrophilicity also. 3) Photocatalytic reaction occurs mostly at solid-liquid or solidgas interface by light irradiation, therefore, larger specific surface area of solid is necessary for high performance, which leads to the speculation that film-type TiO2 is more reasonable than bulk TiO2. In addition, thick and porous film is more preferable in widening of the surface area. Yu et al. reported that a mesoporous TiO2 thin film was obtained via deposition of nano-sized TiO2 particles on a porous glass substrate and it showed higher photocatalytic activity than that of a conventionally prepared film. 7) Boissière et al. investigated the relationship between the photocatalytic activity and the pore size distribution of mesoporous TiO2 film using a novel ellipsometric porosimetry technique named as an Environmental Ellipsometric Porosimetry. 8) Recently, Yanagida et al. have prepared TiO2 film on a stainlesssteel mesh using electrophoretic deposition process and investigated its ability to the decomposition of 1,4-deoxane by UV irradiation. 9) Almost all the film-formation methods in the above reports consist of two or more individual operations concerning deposition of film material and formation of porous structure. Therefore, it is hard to obtain a thick (≥ 1 μ m) porous film with uniform porosity along the depth direction, since they are not good to accumulate film layers by their repetition. Moreover, it requires long transit time to change operating apparatuses. Okuya et al. found that a spray pyrolysis deposition (SPD) technique possesses potential to make TiO2 porous films having various surface structures and morphologies depending on the selection of starting materials and spraying conditions. 10) Since precursor materials are deposited on a heated substrate in SPD technique, deposition of film material and formation of surface structure will simultaneously occur. The sprayed materials softly land on a substrate and rapidly form a steady structure; therefore, repetition of the process will linearly increase a film thickness. Based on the speculation, the authors designed a new concept to prepare a porous film; that is, both TiO2 particles and binder
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liquid are sprayed at relatively low substrate temperature and then let the binder change to TiO2 at relatively high temperature.
In this study, highly porous TiO2 film was prepared by the modified SPD technique with precursor solutions containing TiO2 nano-particles and Ti-alkoxide. This porous film was further characterized in terms of surface area and photocatalytic ability to the removal of offensive odorant molecules in air.
Experimental procedure

Materials
Following two kinds of spray solutions were used for the preparation of porous TiO2 films; a mixture of 0.01 mol·l -1 colloidal TiO2 (anatase type, average diameter is 40 nm) and 0.001 mol·l -1 titanium tetra-i-propoxide dispersed and solved, respectively, in isopropyl alcohol (abbreviated hereafter as Liquid A) and 0.2 mol·l -1 colloidal TiO2 dispersed in distilled water (Liquid B). Two kinds of substrates also were used; a borosilicate glass plate of 26 mm × 76 mm × 0.9 mm in dimensions and a glass fiber cloth of 60 mm × 90 mm × 0.5 mm (open holes 1 mm × 1 mm). These substrates were rinsed by ultrasonication with distilled water and then isopropyl alcohol just before used. Figure 1 illustrates a concept of the SPD technique being used in this study. The spray solution, Liquid A or Liquid B, is supplied to the nozzle and sprayed onto the substrate by compressed air. The substrate temperature is controlled using a thermocouple buried in the substrate holder and a heater beneath it. The nozzle horizontally moves at constant velocity spraying the solution, and then returns to initial position without spraying. This procedure automatically repeated prescribed set times.
Film formation
Film formation process consisted of consecutive three steps, of which conditions are shown in Table 1 . In the 1st step, the substrate was heated to 70-100°C and then Liquid A was sprayed on it. In the 2nd step, the substrate was heated to 150-180°C and then Liquid B sprayed. In the 3rd step, the substrate was annealed at 500°C for 1 h. In addition, the above process was further repeated up to 5 times in order to examine the relationship between film thickness and photocatalytic ability. Film formation was applied to one side of the glass plate and both sides of the glass fiber cloth. For the glass fiber cloth, the process was repeated 4 times per one side. For comparison, non-porous film was prepared on the glass plate through dipping in Liquid A and heating at 500°C for 1 h.
Characterization
The films obtained were observed by scanning electron microscopy (SEM) and transmittance electron microscopy (TEM). Film thickness was estimated based on cross-sectional image of SEM observation. Effective surface area of film was determined from dye adsorption test: the film deposited on glass plate was soaked in 20 ml of 2.7 ppm methylene blue aqueous solution for 5 h under dark condition, and time dependence of the concentration was photometrically measured at a wavelength of 665 nm.
Evaluation of photocatalytic ability
Hydrophilicity was evaluated as water contact angle: the film deposited on the glass plate was submitted to UV irradiation (365 nm, 2 mW/cm 2 ) for the prescribed period, water droplet was put upon it with a micro-syringe, and an angle between a tangent line of droplet and film surface was measured.
Removability of organic compound was evaluated by two types of experiments. One was to examine the photocatalytic decomposition of methylene blue in water: the film-deposited glass plate was soaked in 20 ml of 5.0 ppm methylene blue aqueous solution, it was submitted to UV irradiation (365 nm, 2 mW/cm 2 ) for the prescribed period, and time dependence of the concentration was photometrically measured at a wavelength of 665 nm. The other was to examine the photocatalytic decomposition of offensive odorant components, trimethyl amine, methyl mercaptan and dimethyl sulfide, in air: the film-deposited glass fiber cloth was set in the Tedlar bag with 2000 ml of air containing dimethyl sulfide (5.0 ppb), they were submitted to UV irradiation (365 nm, 2 mW/cm 2 ) for prescribed period, and decrease in the 
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concentration was gas-chromatographically measured.
Results and discussion
Microstructure
Characteristic shapes of particles and pores of the TiO2 film were observed, as shown in Fig. 2 . The connection of particles was formed via titanium oxide probably derived from Ti-lakeside in Liquid A. There are many open spaces ranging from 10 to 100 nm in diameter, shown as dark gray parts in Fig. 2(a) . The surface morphology and the cross-sectional images of the films deposited by SPD process up to 1 to 5 repetitions were all nearly the same as Fig. 2(a) , suggesting the porous structure seemed almost the same wherever in the film inside. It was shown that TiO2 particles from colloidal in the spray solutions were coated entirely with a layer of several nanometers in thickness, as shown in Fig. 2(b) . Energy dispersive X-ray spectroscopic analysis revealed the constituent elements of the coating were titanium (Ti) and oxygen (O), suggesting the coating was also titanium oxide species which had formed from tetra-i-propoxide in Liquid A, because the inner size of TiO2 particles was kept about 40 nm. Moreover, the thickness of the porous film increased linearly with the repetition number of the SPD process, as shown in Fig. 3(a) .
Adsorption ability of the porous film also increased linearly as the repetition number increased, as shown in Fig. 3(b) . The surface area which can adsorb the molecules effectively must have increased proportionally to the increase in the thickness due to its uniformity. Amount of adsorption for the film of 5 repetitions is about 100 × 10 -9 mol, which is 8 times higher than the value of non-porous film prepared through dipping process, that is 12 × 10 -9 mol. Therefore, it is thought that the effective area for adsorption of the porous film prepared through 5 process repetitions is 8 times wider than non-porous film.
Photocatalytic ability
As shown in Fig. 4 , the water contact angle of the porous film was lower than that of the non-porous one in the initial stage before UV irradiation. The difference in the hydrophilicity is probably due to the effect of difference in surface roughness. The angle of the porous film decreased sharply under UV irradiation, and it reached constant value of about 4° after 15 min. On the other hand, it took more than 30 min for the non-porous film to reach stable value. Consequently, photocatalytic ability of the porous film in this study in terms of hydrophilic change is higher than that of the non-porous one.
Photocatalytic ability of the porous film in terms of removal of coloring matter in water is shown in Fig. 5(a) . Decrease in methylene blue concentration for the porous film is faster than for the non-porous film. If the reaction rate is simply proportional to the methylene blue concentration, linear relation in plots of Ln(C0/C) versus time will be obtained, and the slope of the line will be the reaction rate coefficient. As shown in Fig. 5(b) , the plots for the porous film are linear in all the measured time range, indicating the reaction depends only on the concentration. On the other hand, the plots for the non-porous film are linear in the range after 10 min. The reason of the jump from 1 to 10 min is considered that the initial adsorption was dominant since the photocatalytic effect of the non-porous film surface was not so high. The reaction rate coefficients for the porous and the nonporous films were 0.0194 and 0.0038 min -1 , respectively. Variation in the reaction rate coefficient with the process repetitions is shown in Fig. 6 . The value linearly increases up to 4 repetitions, and saturated at 5 repetitions. Although the thickness and the effective area increased linearly from 1 to 5 repetitions, as discussed above (Fig. 3) , the reaction rate did not increase linearly up to 5 repetitions. Two possible reasons for the result are speculated. One is that UV light cannot reach to deep inside of the porous film. Another reason is that the decomposed fragments that formed deep inside of the porous film could not go out rapidly, that is, the diffusion inside the film may be the ratedetermining step. The modified SPD process is highly effective method to make a thick porous film; however, there is a limitation for enhancement of the photodecomposition effect.
Appearance and the SEM image of the SPD-treated glass fiber cloth are shown in Fig. 7 . In the SEM image (Fig. 7(b) ), there are mainly two monofilaments of about 10 μ m in diameter, which were deconstructed from the cloth. It can be seen that the left-and downward filament is entirely covered with the film. The surface possesses complicated morphology suggesting the porous structure as shown in Fig. 2(a) . On the other hand, the right-and upward filament is covered partly. In this fiber cloth, several tens filaments assembled to form a yarn, therefore, filaments inside the yarn are hardly exposed the SPD raw material. The right-and upward filament in the image is one that was inside the yarn.
Figures 8 to 10 show photocatalytic ability of the films on the glass fiber cloth in terms of removal of offensive odorant components in air. In Fig. 8 , trimethylamine as one of typical offensive odorant species containing nitrogen atoms was rapidly removed by the porous film, of which the rate coefficient was about 5 times higher than that of the non-porous film. For the offensive odorant species containing sulfur atoms, both methyl mercaptan and dimethyl sulfide also drastically decreased in concentration to near zero ppb at 60 min, as shown in Figs. 9(a) and 10(a). It was found from Fig. 9(b) that the rate coefficient of methyl mercaptan for the non-porous film, 0.036 min -1 , was about 4 times higher than that of trimethylamine for the nonporous film, 0.009 min -1 , showing that methyl mercaptan was more removable than trimethylamine through a photocatalytic reaction. The porous film was also effective on removal such an easy-removable species, that is, reaction rate coefficient of methyl mercaptan for the porous film, 0.083 min -1 , which was further about 2.5 times higher than for the non-porous one. Figure 10(b) shows Ln(C0/C) plots for dimethyl sulfide, of which one methyl group is added to methyl mercaptan, as a harder removable odorant component than methyl mercaptan. The reaction rate coefficient for the porous film was 0.062 min -1 , which was about 5 times higher than that of the non-porous one, 0.014 min -1 . Therefore, the porous film prepared by the modified SPD technique has several times higher photocatalytic performance than non-porous film on removal of N-or S-based odorant components.
Conclusions
A titanium oxide porous film was prepared by the modified SPD technique, which consists of consecutive 3 steps. Ti-alkoxide and TiO2 particles were sprayed onto the heated glass substrate over 70°C in the 1st. H2O and TiO2 particles were sprayed onto the substrate over 150°C in the 2nd. Finally, the substrate was 
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annealed at 500°C for 1 h as the 3rd step. The porous structure of the film has been created through the formation of necks among the nano-sized TiO2 particles via Ti-alkoxide-derived coatings. The effective surface area was estimated to reach approximately 8 times larger than that of the flat surface. Photocatalytic ability of the porous film was evaluated to be 3 to 5 times larger than that of the non-porous film. Consequently, the TiO2 porous films prepared by the modified SPD technique have great potential as a useful photocatalyst. (a) (b) Fig. 9 . Photocatalytic ability of the SPD-treated glass fiber cloth in terms of removal of methyl mercaptan molecules in air: change in concentration with UV irradiation time (a) and logarithm plot of the concentration change (b). C0: initial concentration, C: concentration at the time.
